Objectives: Depressed levels of cardiac Mg have been found in patients with ischaemic heart disease or heart failure, but it is not 
Introduction
tal studies, animals feed on a low-Mg diet develop defects in cardiac function; for example, cardiomyopathies [4, 5] , Magnesium is essential for many aspects of myocardial depressed myocardial oxidative metabolism [6] , and a function, and depressed levels of cardiac Mg have been higher incidence of free radical production upon reperfufound in patients with ischaemic heart disease or heart sion following ischaemia [7] . Free radical scavengers such failure. Despite its importance, very little is known about as vitamin E and captopril can protect against myocardial 21 21 the regulation of intracellular free [Mg ] ( [Mg ] ) in the injury in animal models [5, 7, 8] and in hypertensive i heart, or whether it is a causal factor in the myocardial patients [9, 10] , supporting a role for free radicals in the dysfunction seen in disease states.
pathogenesis of cardiomyopathy related to Mg-deficiency A reduced level of cardiac total Mg has been observed [8] . in patients with congestive heart failure, acute myocardial However, there has been conflicting evidence regarding infarction, and in patients undergoing cardiac surgery the efficacy of Mg-supplementation in protecting against [1, 2] . In addition, a reduced Mg has been observed in ischaemic disease or cardiac arrhythmias following an diseases associated with aging, such as hypertension and ischaemic episode: in animal models of ischaemia / reperfunon-insulin-dependent diabetes mellitus [3] . In experimension injury, adding Mg to the perfusate decreased the number of reperfusion-induced ventricular arrhythmias in the rat [11] , but did not reduce infarct size in the dog [12] . Laboratory Animals' published by the US National InstiIn human patients with acute myocardial infarction, and reducing the incidence of ventricular arrhythmias [15] . with NaOH. The heart was perfused with isolation buffer However, a study using cardioplegia on a rat model of plus 0.75 mM CaCl at 378C for 4 min before switching to 2 21 ischaemia / reperfusion injury concluded that, although MgCa -free buffer (isolation buffer plus 90 mM EGTA) for supplementation was protective, it depended heavily on the 4 mm. The perfusate was then switched to 'enzyme 21 corresponding concentration of Ca in the solution, and solution' consisting of 50 ml isolation buffer plus 50 mg suggested that an appropriate ionic balance was the most collagenase (Worthington, type I), 5 mg protease (Sigma, important factor, rather than individual ion concentrations type XIV) and 15 mM CaCl . follows: 3 ml cell suspension was incubated with 10 mM actions of Mg , and whether Mg-deficiency itself is a indo-1 /AM for 15 mm at 308C when the dye partitions causal factor in inducing myocardial dysfunction. The aims approximately equally between cytosolic and mitochonfor the present study were (i) to develop a method of 21 drial compartments [21] . The cells were centrifuged for 1 lowering [Mg ] in myocytes isolated from normal rat loading, the cells were incubated at room temperature for 2 [18, 19] , the present study is the only one to date which has h, shaken gently at 378C for 1.5 h, sedimented by addressed the issue of the effects of Mg-depletion on centrifugation, resuspended and stored at room temperacardiac cell function. Part of this work has been published ture. This process, termed 'heat-treatment', promotes loss in an abstract [20] .
of cytosolic, but not mitochondrial, indo-1 through sarcolemmal anion channels, and can be inhibited by probenecid. Full details of the method and experiments to 2. Materials and methods confirm the mitochondrial origin of the remaining fluorescence are given in Griffiths et al. [21] . 2.1. Myocyte isolation 21 For measurement of total [Mg ] , cells were incubated m Single cardiac myocytes were isolated from rat ventriwith 5 mM mag-indo-1 /AM for 15 min at 308C and stored cles by collagenase digestion [21] . The investigation at room temperature. Although mag-indo also binds to 21 conforms with the 'Guide for the Care and Use of Ca , the Kd is about 23 mM [22] , which is well below the 21 21 physiological range of [Ca ] , hence Ca binding to (see 'Methods') but containing 0 mM MgCl and 0. 21 21 21 [Ca ] is expressed as indo-1 ratio, calibration of the that for Ca [24] , so it is likely that mitochondrial [Mg ] 21 indo-1 signal in terms of absolute values of calcium was and cytosolic [Mg ] are in equilibrium within the cell.
not attempted since this would provide no advantage over ratio values in the present experiments. However, cali-2.3. Measurement of fluorescence and cell length bration of mag-indo was performed since it was necessary to determine the actual level of Mg-depletion achieved to A small portion of the loaded cells was placed in an compare it with that measured in models of heart failure experimental chamber which was mounted on the stage of [17] . Calibration was achieved as described in Silverman an inverted microscope (Nikon Diaphot 300). The normal et al. [22] . Briefly, mag-indo loaded cells were superfused superfusate contained, in mM: 137 NaCl, 5 KCl, 1. and 50 mM) in presence of 1 mM EGTA, 1 mM FCCP, pH 7.4 (using NaOH), temperature 378C. The myocyte to 123 mM KCl 10 mM HEPES, 10 hg / ml valinomycin, 2 be studied was illuminated with a red light and its image mM nigericin, and 50 mM ionomycin. EDTA was added to visualized with a TV camera and monitor. Indo-1 was 21 the 0 mM Mg solution to obtain a minimum value. excited at 340-390 nm and emission detected at 41065
Results are presented as means6S.E. unless raw data nm and 49065 nm, corresponding to the peak emissions of tracings are shown. 21 21 the Ca bound and Ca free forms of the indicator, Statistical analyses were performed using Student's trespectively. Detection of mag-indo-1 was by identical test, paired where appropriate. means. Fluorescence of the whole cell was collected online by a Newcastle Photometric Systems Photon Counting System (Newcastle, UK). Light was collected at a rate of up to one data point / ms from a single myocyte following 3. Results subtraction of background fluorescence.
Cell length changes were monitored using a Crescent in chick heart cells [18] , whereas another study found that prolonged incubation in Mg-free media (see 'Methods' for less time was required in rat myocytes, but that depletion details). Fig. 1 shows that the Mg-depleting protocol was affected by presence or absence of both external Na resulted in a small but highly significant (P,0.0001) and Ca [19] . After trying buffers containing various lowering of the mag-indo ratio. When the resulted were 21 combinations of extracellular ions, and incubating cells for expressed in terms of actual concentration of Mg ( to be optimal for reducing [Mg ] in the present study:
1.3 to 0.3 mM. Since this concentration of Mg was similar i Following the complete isolation procedure (including Cato that observed by in a canine model of heart failure, 0.4 repletion) described above, myocytes were allowed to mM [17] , this protocol was used in subsequent experisediment again. Cells were resuspended in HEPES buffer ments. 21 21 Fig Ca buffer'), control cells showed an increase in amplitude, To determine the effect of more physiological rates of as expected, but the Mg-depleted cells all underwent stimulation and of challenging the cells with a higher frequent spontaneous contractile oscillations and no longer 21 external [Ca ], cells were exposed to 4 mM external responded to the electrical stimulus, making measurements 21 [Ca ] followed by increasing the pacing frequency to 5 of cell length unreliable (indicated by the question mark in Hz. Fig. 3 shows the effects of this protocol on the 
control (unpaired t-test).
contractile amplitude was significantly smaller than the control cells (P50.0144). higher diastolic [Ca ] than controls, but no differences were observed upon exposure to high-Ca or increased pacing (Fig. 4A) . In contrast, although there was no 21 difference between basal levels of systolic Ca , upon exposure to high-Ca and 5 Hz, the Mg-depleted cells failed 21 to increase their systolic Ca , unlike the control cells (Fig. 4B) . This is shown more clearly in the amplitude of 21 the Ca transient; in control cells this progressively increased throughout the protocol, whereas in the Mgdepleted cells it remained unchanged (Fig. 4C) 21 21 that is at least partly responsible for cardiac dysfunction. [18, 19] , this is the first to examine the consequences of tions in response to a Ca-overloading procedure, and 21 Mg-depletion on cell contractility and intracellular Ca suggested an external non-specific charge-effect on the cell homeostasis. Under basal conditions (low rate of stimulamembrane. Aomine et al. [29] also found that high external tion. However, when challenged with high external [Ca ] also inhibited the underlying Ca transient, 5 mM Mg had and when paced at a rate of 5 Hz, the Mg-depleted cells all no effect on this. They suggested that Mg was shifting the 21 showed defects in systolic Ca handling and in cell threshold for activation of various ion channels to less contraction. In particular, they were unable to increase negative potentials, and possibly also blocking either the 21 systolic [Ca ] in response to the stimulus, unlike control Ca-channel, Na / Ca exchanger and various K channels. 21 21 cells. Despite these alterations in total [Ca ] , mitoThus little is known about the interactions of Mg with i 21 chondrial Ca uptake was unchanged in the Mg-depleted ion transporters of the sarcolemmal membranes. However, 21 21 cells.
Mg is known to affect sarcoplasmic reticular (SR) Ca 21 21 The [Mg ] in control cells reported here, approximatetransport [31] ; for example, in absence of Mg , ryanodine i ly 1.3 mM, is within the range of those reported previously receptors take seconds, rather than milliseconds, to adapt 21
